Background: Spinocerebellar ataxia type 1 (SCA1) is one of the autosomal dominant neurodegenerative disorders commonly linked to pathological expansion of the CAG repeat of the relevant gene. Nuclear inclusions and neurodegeneration are both triggered by this pathological expansion of the CAG/polyglutamine repeat on ataxin-1, but it remains to be determined whether or not nuclear inclusion formation is associated with accelerated neurodegeneration. Objective: To examine the influence of nuclear inclusions on nuclear size and deformity in human brains from patients suffering from SCA1. Material: Pontine sections of brains obtained at necropsy from seven patients with SCA1 and five controls. Methods: The size and deformity of each neuronal nucleus was quantified. Nuclei with and without inclusions were examined separately to assess the possible influence of nuclear inclusions on neurodegeneration. Results: Nuclear shrinkage and deformity were more marked in SCA1 brains than in controls. This shrinkage was attenuated in neurones containing nuclear inclusions. Conclusions: The existence of nuclear inclusions in SCA1 is presumably linked to a mechanism that attenuates rather than accelerates nuclear shrinkage. This in vivo finding may provide a clue to constructing a rational therapeutic strategy for combating neurodegeneration associated with nuclear inclusions.
S pinocerebellar ataxia type 1 (SCA1) is an autosomal dominant neurodegenerative disorder characterised by degeneration of the cerebellar Purkinje cells, inferior olive neurones, and neurones within cranial nerve nuclei, leading to progressive ataxia, dysarthria, amyotrophy, and bulbar dysfunction. Symptoms of SCA1 typically become apparent in mid-life and worsen over the subsequent 10 to 15 years. The mutations of the gene linked to SCA1 and several other autosomal dominant neurodegenerative disorders have been shown to be an expansion of the CAG trinucleotide repeat which results in an abnormally elongated polyglutamine tract in the mutated proteins. The normal alleles of the SCA1 gene contain up to 36 CAG repeats, whereas disease alleles have over 43 repeats. 1 Numerous studies have suggested that the expanded polyglutamine tract leads to neurodegeneration by conferring a toxic gain of function rather than by loss of normal physiological function. One of the hallmarks of these diseases is the formation of insoluble protein aggregates or inclusions, which are found in the brains of affected patients. The inclusions are immunoreactive for ubiquitin and contain expanded polyglutamine, molecular chaperones, and components of the proteasome. 2 3 Therefore, it is assumed that these CAG/ polyglutamine repeat disorders share a mechanism underlying nuclear inclusion formation and neurodegeneration, both being triggered by an expansion of CAG/polyglutamine. How the expanded polyglutamine leads to long term neurodegeneration, however, remains unknown, and one of the essential questions is how nuclear inclusion formation is linked to neurodegeneration. 4 It is still under debate whether nuclear inclusions are associated with accelerated neurodegeneration, or whether they may have a protective function. If nuclear inclusion formation leads to neurodegeneration, it is expected that each individual neurone would show shrinkage once it harbours nuclear inclusions. It is therefore essential to identify possible morphological changes in neurones and their relation to nuclear inclusions in human brains obtained at necropsy. This is the first morphometric study on SCA1 designed to examine the influence of nuclear inclusions on nuclear size and deformity in human brains.
METHODS
We examined brains obtained at necropsy from seven Japanese cases of SCA1 and five controls without neurological disorders. Three of the seven SCA1 cases were from the same family. Clinical and pathological features of the SCA1 cases were compatible with the disease, and the diagnosis was also confirmed by genetic analysis.
Formalin fixed, paraffin embedded sections (6 µm thick) were obtained from the mid-pons. Pontine nuclei were chosen for this analysis because of the homogeneous size and character of the neurones in the pons, which makes it easier to quantify and interpret morphological alterations. The high frequency of nuclear inclusions in pontine neurones is another advantage for estimating their possible influence. The sections from the pons contained no localised foci of ischaemia or gliosis.
Deparaffinised sections from the SCA1 cases were immunostained with an antiubiquitin antibody (rabbit polyclonal, 1:1000; Dako, Glostrup, Denmark), with diaminobenzidine as a chromogen, and were then stained lightly with haematoxylin. Ten rectangular microscopic fields (400 × 250 µm 2 = 0.1 mm 2 ) were chosen at random and captured by a digital camera connected to a microscope. Large cells harbouring Nissl Abbreviations: CI, circularity index; DRPLA, dentatorubral-pallidoluysian atrophy; NIHID, neuronal intranuclear hyaline inclusion disease; NI+, nuclear inclusions present; NI−, nuclear inclusions absent; SCA1, spinocerebellar ataxia type 1 See end of article for authors' affiliations substances and nuclei containing identifiable nucleoli or ubiquitin immunopositive nuclear inclusions were identified as neurones. Every field contained neurones with and without nuclear inclusions.
The contours of the nuclear membrane in each neurone and of the nuclear inclusions, if present, were traced on a digitiser coupled to a liquid crystal display (PL-400, Wacom, Saitama, Japan). Examples are shown in fig 1. "Nuclear area," "perimeter," "long axis," and "short axis" from the traced nuclear contours, and "nuclear inclusion area" from the traced nuclear inclusion contours, were calculated using NIH-Image (version 1.62). Because an increase in nuclear size is attributable to the presence of nuclear inclusions, nuclear area not occupied by nuclear inclusions ([nuclear area − nuclear inclusion area]) was also analysed. Nuclear deformity was assessed by the long axis/short axis ratio and "circularity index" (CI), defined by the ratio of two diameters, one of which is estimated from the perimeter (perimeter/2π) and the other from the area ('[area/π). CI = 1 if the traced nuclear contour is an exact circle. An increase in the long axis/short axis ratio or CI is correlated with the severity of nuclear deformities (elongation, distortion, or undulations of the nuclear membrane).
Statistics
Differences in the variables between groups with nuclear inclusions (NI+) and groups without nuclear inclusions (NI−) from both SCA1 cases (SCA1 total group, including both NI+ and NI− groups) and controls were estimated by analysis of variance (ANOVA) or Student's t test. Table 1 shows the demographic data on the patients and the neuronal count of each case. The mean of the neuronal counts (representing the mean packing density) of the SCA1 group (83.9/mm 2 ) was significantly smaller than that of the controls (160.2/mm 2 , p < 0.01; Mann-Whitney U test). The morphological data assembled from each group are shown in table 2. Nuclear area, perimeter, and short axis were significantly smaller in the SCA1 total group than in the controls (for example, the mean nuclear area was 81.4 µm 2 in the SCA1 group v 90.5 µm 2 in the control group; p < 0.0001 by Student's t test).
RESULTS
The inverted histograms in fig 2 show that the size distribution (nuclear area) of the SCA1 total group (filled bars) was smaller than that of the controls (unfilled bars). Nuclear shrinkage (estimated by nuclear area, perimeter, long axis, and short axis) was more profound in the NI− group than in the NI+ group, or the neuronal nuclei in the NI+ group were less atrophic than in the NI− group (p < 0.0001 by ANOVA, PLSD (protected least significant difference) of Fisher at 1% probability). The upper histograms in fig 2 show the difference in nuclear area between the NI+ group (unfilled bars) and the NI− group (filled bars).
There was no difference between the NI+ group and the NI− group in [nuclear area -nuclear inclusion area], neither was there a significant correlation between nuclear inclusion area and nuclear area, as shown in the scattergram in fig 3 (R 2 = 0.064). Furthermore, there were no significant correlations between age at onset or duration of illness and any of the morphological variables, including nuclear area (data not shown).
Although the value for long axis was not statistically different between the SCA1 total group and the controls, it was significantly smaller in the NI− group than in the NI+ group. The long axis/short axis ratio-one of the indices of nuclear deformity-was increased in both the SCA1 groups compared with the controls, but with no significant difference between the NI+ and the NI− groups. CI, another index of nuclear deformity, was significantly increased in the NI+ group compared with the controls, but the CI value in the NI− group was similar to that in the control group (fig 4) .
DISCUSSION
In this study we investigated whether the presence of nuclear inclusions was linked to morphological changes in neurones during neurodegeneration in human brains obtained at necropsy. Unexpectedly, we found that nuclear shrinkage of the pontine neurones in brains from SCA1 patients was attenuated when nuclear inclusions were present. Nuclear inclusions are a pathological hallmark for most of the CAG/polyglutamine repeat disorders, including SCA1, and are composed of the protein altered by the expansion of CAG/polyglutamine tracts. These altered proteins have therefore been considered to be a link between neurodegeneration and nuclear inclusion formation, although the precise relation between nuclear inclusions and neurodegeneration is still unclear. On the other hand, cellular atrophy-which is considered to represent a stage preceding cell death-is a principal feature of neurodegeneration regardless of its aetiology, because degenerative processes in general develop slowly and usually take several years or even decades.
The nuclear shrinkage in pontine neurones of the SCA1 cases observed in our study indicated that cellular atrophy was the pathological feature representing the neurodegenerative process in this condition. Sorting the neurones into those with and without nuclear inclusions further clarified the situation, in that we could show that neurones with nuclear inclusions were less atrophic than those without. This result, from human brains obtained at necropsy, is not compatible with the hypothesis that the neurodegenerative process is accelerated in the presence of nuclear inclusions.
Studies carried out both in vitro and in vivo have provided conflicting evidence about the possible role of nuclear inclusion Values are expressed as mean (SD). *p < 0.0001 v control group (Student's t test). **p < 0.01, ***p < 0.0001 v control group; ¶p < 0.0001 v NI+ group; †p < 0.01 v NI+ group (ANOVA, PLSD of Fisher at 1% probability). ANOVA, analysis of variance; NI+, neurones with nuclear aggregates from SCA1 cases; NI−, neurones without nuclear aggregates from SCA1 cases, PLSD, protected least significant difference; SCA1, spinocerebellar ataxia type 1; total, all neurones from SCA1 cases. Figure 2 Size distribution of the nuclear size of the pontine neurones from cases with spinocerebellar ataxia type 1 (SCA1) and control cases. Nuclear size estimated as nuclear area in µm 2 is expressed along the abscissa. The ordinate represents relative frequency of each size expressed as density/mm 2 . The lower inverted histograms refer to the controls (unfilled bars and a black line) and to the SCA1 total group (filled bars and a grey line). The upper histograms refer to the SCA1 group without nuclear inclusions (filled bars and a grey line), and to the SCA1 group with nuclear inclusions (unfilled bars and a black line). formation and its relation to neurodegeneration. Neurodegeneration and nuclear inclusion formation in transgenic models of Huntington's disease are induced by the continued expression of the huntingtin fragment, carrying expanded polyglutamine, 5 and are possibly reduced by inhibition of caspase-1. 6 However, the suppression of nuclear inclusion formation by a caspase inhibitor did not increase neuronal survival in cultured cells transfected with the huntingtin gene carrying an expanded CAG repeat. 7 In cultured cells transfected with mutant huntingtin, blocking ubiquitination led to decreased nuclear inclusion formation and accelerated cell death. 8 This discrepancy is reflected in the observation that transgenic mice expressing mutant ataxin-1 without the self association domain develop a pathological phenotype without forming nuclear inclusions. 9 Necropsy observations on human brains from patients with Huntington's disease 10 or neuronal intranuclear hyaline inclusion disease (NIHID) 11 showed a similar discrepancy between neuronal depletion and nuclear inclusion formation. At least two entirely opposing interpretations have been proposed to explain these data. If the presence of nuclear inclusions correlates with mutant protein induced cell death, atrophic features may be more exaggerated in neurones containing nuclear inclusions than in those without. The other possibility is that nuclear inclusion formation may be part of a process linked to the protection of cells from the toxic effects of the mutant protein. In that case we may expect that neurones without nuclear inclusions would show more atrophic features. The former possibility is not in agreement with what we observed in pontine neurones of the SCA1 brains in the present study, because neuronal nuclei containing nuclear inclusions were not smaller than those without, though pontine neurones of SCA1 brains-regardless of the presence of nuclear inclusions-were more atrophic than control brains.
When "nuclear inclusion area" was subtracted from "nuclear area," the size of neuronal nuclei in the NI+ group did not differ from that in the NI− group. However, nuclear inclusion size was not correlated with nuclear area. This means that the influence of nuclear inclusions on nuclear area-even if the inclusions were inserted from the extranuclear compartment-does not solely reflect the simple addition of "nuclear inclusion area." Nuclear inclusions may in fact be formed in the nucleus rather than being inserted from extranuclear compartments. In that case, a fraction of the nucleus is altered into nuclear inclusions, in which case one might expect that [nuclear area − nuclear inclusion area] would be decreased by the size of the nuclear inclusions. Our morphometric study, however, showed that the decrease in [nuclear area − nuclear inclusion area] in the NI+ group relative to the NI− group (79.
). If nuclear inclusion formation were linked to some mechanism accelerating degeneration, the decrease in [nuclear area − nuclear inclusion area] should have exceeded the nuclear inclusion area. The present study showed, on the contrary, that this decrease was much attenuated. This attenuated decrease is explicable if nuclear size as a whole is increased during nuclear inclusion formation, as we demonstrated in this study.
A recent morphometric study showed that in dentatorubral-pallidoluysian atrophy (DRPLA), cerebellar granule cells containing nuclear inclusions were larger than those that did not. 12 Our recent morphometric study on pontine neurones from Machado-Joseph disease brains showed that [nuclear area − nuclear inclusion area] of NI+ neurones was significantly larger than that of NI− neurones. 13 Furthermore, it was even larger in NIHID than in normal controls.
14 In these disorders, NI+ neurones were in general less atrophic than NI− neurones, raising the possibility that neurones are equipped with common machinery triggered by or accompanied by nuclear inclusion formation and possibly counteracting polyglutamine induced neurodegeneration. However, the influence of nuclear inclusions on nuclear size is variable depending on the disease involved, and they appear to have a relatively less pronounced influence in SCA1. If this were not the case, the atrophic process in SCA1 might be so profound as to overwhelm this possible counteracting factor.
While it is generally recognised that CAG repeat length relates to the severity of illness and the age of onset, the age at onset of the SCA1 cases in this study was restricted within the range of 30 to 46 years and there was no significant correlation between the age at onset and the different variables that we examined. Larger numbers of cases with a broader age range of onset might have identified a possible influence of age on morphological change in the two groups of neurones. However, it may be that age at onset is not a major determinant for nuclear inclusion formation and neuronal atrophy.
In the present study, a fraction of neurones that actually contained nuclear inclusions might have been falsely classified into the NI− group because our observation on a two dimensional plane may have failed to detect nuclear inclusions that were not included in the plane of the 6 µm thick sections. If neurones with nuclear inclusions were smaller than those without nuclear inclusions, this possible failure to identify inclusions not recognised in the two dimensional plane might have led to underestimation of the size of the neurones in the NI− group. However, because the present study indicated the opposite-that is, it showed that neuronal nuclei in the NI+ group were larger than those in the NI− group-it is reasonable to conclude from this two dimensional study that neuronal nuclei with nuclear inclusions are significantly larger than neuronal nuclei without nuclear inclusions.
Our study showed an increase in the long axis/short axis ratio in the SCA1 group and an increase in CI in the NI+ group compared with the controls, without an increase in CI in the NI− group. This suggests that the nuclei of pontine neurones in SCA1 are deformed, and especially those with nuclear inclusions. One would expect these deformities to be secondary to nuclear shrinkage. The larger nuclear size of the NI+ group, however, was associated with a more marked increase in the indices of nuclear deformity, which indicates that a mechanism other than nuclear shrinkage could be one of the determinants of these deformities. These deformities might otherwise be influenced by the presence of nuclear inclusions in SCA1 brains. An apparent indentation of the nuclear membrane may be observed even in normal neurones, 15 and a pathological increase in this indentation has been described in human brains with DRPLA 12 and Huntington's disease, 16 and in an animal model. 17 Although our present observations, based on light microscopy, failed to identify deep indentations of the nuclear membrane, an increase in the long axis/short axis ratio in SCA1 neurones and an increase in the circularity index in SCA1 neurones with nuclear inclusions may represent similar pathological changes. These would be common to the CAG/polyglutamine repeat disorders and would be partly independent of nuclear atrophy, as we demonstrated in SCA3 and NIHID brains. 12 13 Although it is evident that both nuclear inclusion formation and neuronal degeneration are induced by an expanded CAG repeat, our study shows that the presence of nuclear inclusions does not necessarily parallel the extent of neurodegeneration, as measured by nuclear size. Rather, the presence of nuclear inclusions was associated with an incease in the size of the neuronal nuclei, which does not support the hypothesis that the inclusions are linked to accelerated neurodegeneration. Cellular mechanisms linking nuclear inclusion formation and neurodegeneration, however, remain elusive. One possibility is that the ubiquitin-proteasome pathway is involved in both neuroprotection and nuclear inclusion formation. Downregulation of ubiquitinproteasome pathway has been found to suppress nuclear inclusion formation and to accelerate cell death in parallel in studies carried out in vitro. 18 This inverse relation between cell death and nuclear inclusion formation through the ubiquitinproteasome pathway suggests that nuclear inclusion formation is linked to a possible intrinsic neuroprotective mechanism mediated by ubiquitin. We have shown that ubiquitin is commonly localised to the periphery of nuclear inclusions in brains from patients with Machado-Joseph disease 19 and NIHID. 20 . These findings are explicable if nuclear inclusion formation mediated by ubiquitin is associated with a mechanism counteracting neuronal shrinkage, as was reported in SCA1 transgenic mice. 21 Further investigation into the relation between nuclear inclusion formation and cellular atrophy will clarify whether these morphological features and their interpretation are shared with other conditions characterised by nuclear inclusions, and will determine whether nuclear inclusions serve as a morphological hallmark for polyglutamine induced neurodegeneration or neuroprotection. Furthermore, clarification of the molecular mechanism of nuclear inclusion formation will give a rational basis for a therapeutic strategy that may retard or even reverse neurodegeneration by activating or modulating this machinery.
